Microthin sheet technology is disclosed by which Superior batteries are constructed which, among other things, accom modate the requirements for high load rapid discharge and recharge, mandated by electric Vehicle criteria. The microthin sheet technology has process and article overtones and can be used to form thin electrodes used in batteries of various kinds and types, Such as Spirally-wound batteries, bipolar batteries, lead acid batteries, Silver/zinc batteries, and others.
PURPOSES, AND RELATED METHODS

FIELD OF INVENTION
The present invention relates to electrical batteries in general and more particular to improved Sources of electrical power for an electric Vehicle and other purposes, and related methods.
BACKGROUND
In its most elemental way, a Source of electrical power is typically a battery which may comprise one or more battery cells. Each cell typically comprises encapsulized electrolyte and positive and negative electrodes. During cell operation, electrons move through the Solid electrode material, to the electrolyte/electrode interface. There, a faradaic (charge transfer) reaction occurs, which transfers the charge from electrons to electrolyte Species. Ions then flow through the electrolyte to the opposite electrode, where another faradaic reaction takes place, liberating electrons into the Solid elec trode material. Electrons then flow from the electrode to the external load connected to the battery.
Because of a number of fundamental deficiencies, includ ing but not limited to ionic resistance and electronic resis tance within the cell, prior battery technologies have proven to be unsatisfactory for high discharge and high recharge power requirements including those imposed in the opera tion of an all-electric or hybrid electric vehicle. Electric vehicles typically take the form of parallel-configured and Series-configured vehicles.
Parallel-configurated electric Vehicles require a battery pack which is Smaller in size, and yet can be both discharged and recharged at rates comparable to those Specified for the Series-configured hybrid. No battery presently available can approach the power requirements (especially charging power) for the parallel-configured hybrid vehicle.
The limitations in power are not necessarily due to the fundamental electrochemistry of the battery Systems, but instead are often due to certain design constraints of the batteries, particularly the electrodes. Among the design constraints of prior battery packs for electric Vehicles are:
excessive Solid-phase resistance to electronic current flow;
excessive electrolyte-phase resistance to flow of ionic current within the electrode; and excessive kinetic resistance in the electrode, caused at least partially by the nature of electrode Surface area. Prior spiral lead acid batteries often perform better at high rates than prismatic (parallel-plate) batteries. Still, the per formance of prior Spirally-wound lead-acid cells is not adequate for many load-levelling applications requiring high rate charging and discharging, Such as hybrid electric vehicles.
Prior Silver-zinc batteries each consists of a Zinc electrode (the negative), a Silver-oxide electrode (the positive), and an tration. This battery is the highest-energy density battery using an aqueous electrolyte. It is also capable of high power density. Cycle life is short due to the solubility of both zinc and Silver, and the aggressive action of Silver on Separator materials. The cost is obviously high, Such that its applica tion is usually limited to military and aerospace purposes, where energy density is of primary importance, and cost is not.
Spiral wound lead acid batteries are known wherein electrodes are made by applying appropriate pastes to a lead or lead alloy grid, and curing the paste to form the electrode active materials. Pastes are composed of lead oxides, Sul furic acid, and other components. The compositions will vary depending on the vendor. Cells are made by placing Separators between the pasted electrodes and rolling the electrodes and Separators into a coil. The Separator material is usually compressed during cell winding. Consequently, the Space between electrodes is conveniently made Small, which provides Somewhat lower internal cell resistance.
Spaced rectangular flat plate electrodes in lead acid are also known, which are made by the So-called Planté process. This process originally involved the simple electrochemical oxidation of lead metal in Sulfuric acid. The resultant capacity of the electrodes was low, but gradually increased as the cells were charged and discharged. The resulting electrodes proved very durable, but suffered from low spe cific capacity (A.hr/cm).
Later improvements allowed for increased capacity. The first was the addition of lead-Solubilizing agents (such as KCIO, KCIO, HCl, HNO, and HCHO) to the Sulfuric acid formation Solution. The use of these agents resulted in more rapid and deeper penetration of the corrosion layer on the flat electrode plates during oxidation leading to higher Specific capacity. The Second was the mechanical working of the lead to increase Surface area, Such as by creating lead ridges on the flat electrode plates. This further increased the electrode capacity.
During the early part of this century, Planté electrodes were gradually replaced by pasted electrodes for most energy Storage applications, due to the higher specific capacity, and despite the shorter life expectancy. Planté electrodes are still used commercially in applications where long life is paramount, especially Stationary applications The processing of Planté flat plate batteries are typically costly and time intensive compared to pasted electrode batteries. Flushing of potassium perchlorate adds signifi cantly to the time and cost requirements.
BRIEF SUMMARY AND OBJECTS OF THE INVENTION
In brief Summary, the present invention overcomes or Substantially alleviates electrical power Source problems of the past in the field of electrically-driven vehicles and in other fields as well. Microthin sheet technology is provided 6,063.525 3 by which batteries are constructed which accommodate the requirements for high load rapid discharge and recharge, mandated by electric Vehicle criteria. The exceptional char acteristics of batteries made according to this invention accommodate cost-effective use for many other purposes as well. The microthin sheet technology can be used to form batteries of various kinds and types, Such as Spirally-wound batteries, bipolar batteries, lead acid batteries, Silver/zinc batteries and others.
The micro thin sheet technology embraces one or more of certain basic characteristics, i.e. enhanced power and capac ity due to: (1) the thinness of the electrode-forming sheet; (2) the high degree of active (corroded) material created on the sheet; (3) the presence of undulations, corrugations, or up and down irregularities in the sheet; (4) the spiral orientation of positive and negative separated thin sheet electrodes; (5) the combination of the thin sheet technology to bipolar battery technology; (6) implementation of microcorruga tions or micro-irregularities in a thin sheet of foil; (7) Other advantages are derived from the present invention including but not limited to coSteffective manufacturing, use of mass production techniques, reduction in time required to manufacture, lower initial capital outlayS, Superior quality, modest floor Space requirements and ease of production.
With the foregoing in mind it is a primary object to overcome or alleviate past problems in the field of electrical power Sources for electrically-propelled vehicles and in other fields as well.
It is a further dominant object to provide batteries and methods of making batteries which comprises the novel thin sheet technology of the present invention.
Another important object is the provision of batteries and methods of making batteries which accommodate high load rapid discharge and recharge utilization.
Still another paramount object is the provision of Spirally wound, bipolar lead-acid, Silver/zinc, and other batteries which have Superior characteristics due to use of the novel microthin Sheet technology of the present invention.
A further object of value is provision of batteries and methods of making batteries comprising one or more of the basic characteristics and/or the features and/or advantages mentioned above.
Another object of the invention to provide an electrode with the durability and long life of prior Planté electrodes, It is also an object of the invention to provide, in a battery, thin sheet highly corroded electrodes having high and low Surface irregularities.
Another object is the provision in a battery of thin sheet, Spirally-configurated highly corroded electrodes.
An object of importance of the invention is to provide thin sheet, highly corroded electrodes in a bipolar battery.
It is further an object of the invention to provide highly corroded thin sheet electrodes in Spirally-wound lead acid
batteries.
An object of Significance is to provide thin sheet corroded electrodes having high and low Surface irregularities in bipolar lead-acid batteries.
Yet another object of the invention is to provide thin sheet corroded electrodes having high and low Surface irregulari ties in Silver/zinc batteries.
A further object of the invention is to provide novel electrodes in bipolar Silver/zinc batteries.
Yet an important object of the invention is to provide novel corroded electrodes having high and low Surface irregularities in Spirally-wound Silver/zinc batteries.
Another object of the invention is to provide microthin sheet highly corroded electrodes with enhanced microporos ity.
A further object of the invention is to provide a novel process for manufacturing Silver/zinc batteries.
A further object of the invention is to provide novel microthin sheet electrodes in spirally-wound batteries.
Yet another object of the invention is to provide novel microthin corroded sheet electrodes in bipolar batteries.
Another object of the invention is to provide a process for providing Surface irregularities in corroded lead foil for use in battery electrodes.
A further object of the invention is to provide a process for the rapid filling of spirally-wound cells that comprise cor rugated thin Sheet electrodes.
Yet another object of the invention is to provide spirally wound lead acid battery with novel thin sheet corroded electrodes.
Another important object of the invention is to provide in Situ formation of thin sheet corroded electrodes in Spirally wound cells.
A further object of the invention is to provide a process for in Situ formation of thin sheet electrodes in bipolar cells.
Yet another object of the invention is to provide a battery with a thin corrugated lead foil electrode with an improved life cycle.
An object of the invention is also to provide a battery with improved discharge/recharge properties.
A further object is to provide novel thin sheet electrodes that minimize the various resistances in the electrode Struc ture.
Further objects of the invention will become evident in the description below. 
DETAILED DESCRIPTION OF THE ILLUSTRATED EMBODINIENTS
The present invention is directed towards significant improvements in batteries by which, among other things, electric Vehicles can be Satisfactorily operated for a pro tracted time, without encountering debilitating discharge and recharge problems. The present invention has a broad range of applications which includes but is not limited to provision of Sources of electrical power for electric vehicles. (1) an internal combustion engine, comprising part of the auxiliary power unit 22, and (2) (1) an internal combustion engine comprising part of the primary power unit 32 and (2) an electrical power Source, comprising part of the electrical power unit 34. Because the units 32 and 34 are arranged in parallel, the HEV 30 is called a "parallel-connected hybrid electric vehicle." The elec trodes of the invention rely on thin sheet technology which Surprisingly minimizes the various resistances heretofore consistently found in the prior electrodes.
In traditional prior lead acid electrode technology, batter ies have not been produced having a high rate load-leveling capability, Such as is needed in HEV. Consequently, lead acid batteries heretofore Suffered rapid loSS of capacity under Such rigorous use. The electrodes of the present invention provide batteries which can operate at very high power levels and for long periods of time. They can be recharged in no more than a few minutes. Principles of the present invention include but are not necessarily limited to:
1. Active material regions of improved depth having minimal ionic resistance, i.e. reduction in the electrolyte phase resistance to flow of ionic current within the electrode, 2. Active material regions of improved depth having minimal electronic resistance, i.e. reduction in the Solid phase resistance to electronic current flow; 3. The chemical reactions of minimal polarization resis tance (during both charging and discharging); and 4. Low capacity losses by minimizing morphological changes during operation.
Polarization is the reduction in cell Voltage that occurs due to electrode reactions. It is related to the energy required to drive the reactions. It is reported in volts. Some electrode reactions occur more readily than others. For example, nickel is a sluggish electrode, Such that Voltage drops of 0.1-0.5 V can occur at that electrode when high rate discharges are attempted. By contrast, certain lead oxide or lead electrodes can be discharged at Similar rates and only suffer a polarization of tens of millivolts. Obviously, if high rate operation is to be obtained from a battery, then electrode materials must be used that will not have prohibitively large reaction polarization losses. Electrode reactions do not nec essarily occur with the Same rate on charge and discharge. Some, for example, are easier to discharge at high rates than to recharge at high rates. The lead dioxide electrode, used in a lead-acid battery, is an example of Such asymmetric reactive capabilities. It recharges with more difficulty than it discharges.
The high performance electrodes of thin corroded sheets with high and low Surface irregularities according to this invention have been used in lead acid batteries and found to possess the characteristics mentioned above. The batteries of the invention comprise microthin electrode layers within the range of 4-62 mils comprised of a high Surface area within the range of 10,000 to 50,000 cm/cm, porosity within the range of 5-95%, depending on intended application, includ ing to a far greater depth, and minimal electronic resistance. Sometimes internal resistance of a battery pack is expressed as "stack impedance." Stack impedance is mainly due to voltage drops occurring inside of individual cells (due to ohmic resistances and chemical reaction resistance) and Voltage drops as current flows through various current collectors and conductive Straps and connections in the battery pack. Restated, the Stack impedance is mostly due to the internal cell resistances. The more efficient the cell, the lower the internal resistance. The present invention mini mizes these resistances, resulting in a materially lower Stack impedance. A modified process, constituting Several improvements over the traditional Planté process, has been 6,063.525 7 found to be a cost-effective and convenient way of making Such electrode Structures. The Surface irregular microthin electrode sheets have been developed to maximize the Specific capacity by increasing the ratio of active (corroded) material to Support material. Specific electrode capacities can range from 1-45 C/cm and higher. "Specific capacity is a measure of charge (Coulombs or ampere-hours) which can be stored per given area of electrode face (cm). Traditional Planté electrodes historically have been thought of as having low specific capacity relative to the more common pasted electrodes. The present technology has resulted in microthin electrodes which have specific capacity compable to those of pasted electrodes, but with much better high power capa bility. Useful life in years is improved.
The microthin electrode construction begins by forming the Surface irregularities in the thin sheet. This can be done by cutting parallel grooves in metal foil, by die-Stamping a desired high and low repeating or random pattern in the microthin Sheet or in any other Suitable way. AS Stated, the thin electrode sheet is within the range of 4-62 mils. The height and depth of the high and low Surface regions, is typically within the range of 2-20 mils and the width of high and low irregular Surface areas is typically within the range of 2-20 mils.
When grooves and ridges comprise the high and low Surface irregularities, center-to-center spacing between con secutive grooves and consecutive ridges, respectively, may be within the range of 4-40 mils. For lead acid microthin electrodes, lead foil may be used as a starting material for the electrode. A large number of microscopic, parallel grooves, for example, may be cut into the Soft lead foil, usually on both sides. One way of creating Such parallel grooves in a thin Smooth sheet is by passing the sheet through a rolling machine, whose rollers are equipped with teeth by which the grooves are formed, much as a farmer can create furrows in a field by discing. Another method which can be used is to cast lead into the desired thin corrugated or irregular form using, for example, a conventional continuous caster. In Situ formation is also satisfactory. Other suitable thin electrode processes may be used for lead and other thin electrode metals, Such as Silver and Zinc, to form Surface irregularities.
The electrode is next electrochemically formed from the thin sheet comprising at least one and normally both irregu lar Surfaces comprising high and low regions. Specifically, the thin irregular sheet is electrochemically oxidized by placing the sheet in a chemical bath and Subjecting it to current flow. For lead metal, this has conventionally been done in the past, as depicted in FIG. 10, using relatively thick metal plates in a Sulfuric acid Solution containing potassium perchlorate as a lead-Solubilizing agent. Large grooves, in millimeters, have Sometimes been placed in the thick plates subjected to the Planté process, as shown in FIG.
7. Conventional thick Planté electrodes have active material regions which have an effective useful thickness of only a few mils. This is due to the fact that the porosity of the active material decreases with thickness. At the front (outside) of the active material region (as shown in FIGS. 7 and 9) porosity is often above 50%. However, the porosity can be under 10% for very thick Planté active material regions. Consequently, the underlying active material in the thick Planté electrodes is only poorly accessible to electrolyte, due to the low porosity.
The present invention relies on microthin sheets and nitric acid in lieu of perchlorate because extensive rinsing is not required, as explained in greater detail hereinafter. The formation of a porous lead dioxide region results from this process, which can be used as a positive electrode, or by An aspect of the present invention is the use of a novel and improved battery chemistries to oxidized microthin sheet metal electrodes, other than lead/lead oxide Systems. For other metals, the electrochemical oxidation is done with current flow in an appropriate electrolyte (typically acidic or basic), which contains a commercially available metal Solubilizing agent. After oxidation, the corrosion or active portions of the thin sheet electrode may be Subjected to an electrochemical reduction in the same or Similar agent to convert the active portions from an oxidized State to the porous elemental metal, where a negative electrode is being formed.
Another aspect of the invention is the incorporation of thin electrodes, formed in accordance with the present method, for either one of both of the electrodes in a cell.
The present invention has a Scope where only one of two electrodes in a battery cell is constructed in accordance with the present invention. For example, a thin sheet positive electrode formed in accordance with the principles of the present invention could be used in conjunction with a traditional pasted negative electrode to provide a viable battery.
AS the oxidation proceeds, a Surprisingly large porous oxide layer grows on the irregular metal Surfaces of the thin sheet electrode. The depth of the corrosion layer is Significant, but depends on the oxidation time, current density, and other factors that are within the ability of the practitioner to determine with no more than routine experi mentation. The electrochemical formation continues long enough to create an active region of Substantially uniform corrosion and of adequate depth. The depth can be Substan tial and greater than the dimensions of the underlying untreated metal. Preferably, the width of the lead ridges or other high regions is chosen Such that while both sides and the top are corroded, a Small portion of unreacted lead remains inside each ridge or high region (under the porous region), and provides mechanical Support. However, the thin sheet may be composite, particularly in bipolar batteries, So that the untreated Support region is formed of a conductive material different from the corroded material, at or near the surface The width of the grooves or low regions is sufficient to allow for expansion from formation of porous active material along the Sides of the ridges and at the bottom of the grooves or low regions. See FIG. 10 . In some embodiments the grooves form flow paths for rapid dissemination of electrolyte. The grooves or low regions Serve, in Some configurations, as reservoirs for electrolyte. The grooves can also contain gas and/or Separator material. In Some cases, gas Volume can be significant. The capacity is thus increased, due to improved accessibility of the electrolyte to the active material and to the current flow.
Capacity is also improved due to Surprisingly high overall porosity in the active regions. The porosity or the active regions of lead acid cell electrodes (porous lead dioxide of porous elemental lead) is naturally-stable and within the range of 5-65% depending upon the intended application. This porosity is best characterized as "microporosity." With corrugated or irregular thin sheet electrodes, the grooves or low regions also contribute to the porosity. Porosity is electrochemically created "pores," in the high and low irregular Surface or Surfaces of the thin Sheet electrode.
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These micropores can provide effective stable apparent porosity values of 70 to 80% in some configurations of the invention. In Some cases, the degree of oxidation of corru gate or otherwise irregular Surfaces of the thin sheet can fill or Substantially fill the grooves or other low regions, as depicted in FIG. 10 .
A further benefit of the corrugated or Surface irregular thin sheet electrodes in a batteries is a very rapid recharge and discharge ability. The entire active material region is highly accessible to both electrolyte and electronic current. It has been found that with Such ultra thin microporous active material regions full recharge or discharge can be accom plished in Seconds to minutes, depending on a variety of conditions Such as discharge rate, depth of discharge, and method of charging, compared to hours for known lead acid batteries.
The level of Stored energy available through implemen tation of the present invention is within the range of 0.1 to 200 W-hr (0.05 to 100 A.hr) per battery cell.
A common metric for discharge and recharge is the "C Rate." The Crate is the rate at which the total capacity of a battery is removed or restored. A 1C rate is a one hour rate (i.e. a complete discharge or recharge in one hour). A C/20 rate is a complete discharge or recharge in 20 hours. Similarly, a 20C rate is a complete discharge or recharge in /20 hour, or 3 minutes. Prior batteries are typically recharged or discharged at rates equal or slower than a 1C rate. Prior to the present invention, a rapid recharge was considered to occur at a rate greater than 1C.. High rate discharges are usually 10C or greater with prior battery configurations. Spiral batteries according to the present invention have been recharged at 100C-200C rates. Discharges have been per formed at up to 450C.
The corrugated or Surface irregular thin sheet electrodes are assembled into a battery structure using conventional techniques, after electrochemical formation is completed. A bipolar battery may be constructed within the scope of the present invention by forming irregular high and low regions on thin flat sheets and electrochemically treating the sheets as explained above to form corroded regions. One side of the sheet is then reduced to a porous metal State. The plates are then assembled into a bipolar Stack using conventional bipolar techniques. See FIG. 6 .
A Spirally-wound lead acid battery, using thin sheet elec trodes of the present invention, is made by winding or otherwise Spirally-configurated the thin sheet positive and negative electrodes Separated by layers of dielectric material, called Separators. Strips of lead foil may be cor rugated or given irregularities comprising high and low Surface regions and electrochemically treated as described.
The thin electrodes are then wound into a cell roll which is inserted into a cylindrical container. See FIGS. 11 through 13. Tabs are cut before or after winding and placement in the container So as to extend upward at the top of the coil (above the active region of the electrodes). See FIG. 14 the positive and negative electrodes. The electrode which is initially positive is activated by creation of a lead dioxide region or regions into the lead. After the appropriate forming time has elapsed, then the current is reversed. The electrode comprising the lead oxide regions is reduced, Such that the lead dioxide corrosion regions are converted over to time to porous elemental lead. This electrode is used as the negative electrode in a battery cell. The opposite electrode at the same time is oxidized, Such that porous lead dioxide regions are created. The current is continuously passed, until the oppo Site electrode is fully electrochemically transformed into a positive electrode comprised of porous lead dioxide regions. The spirally-wound batteries of the invention offer power Storage capacities (Ahr) which are close to or comparable to conunercially available Spirally-wound batteries. At the Same time, the discharge and recharge capabilities signifi cantly exceed those of conventional batteries. Additionally, the cycle life of the batteries made accordingly to the present invention materially exceeds those of prior batteries. Nitric acid is preferably used as the lead-solubilizing agent in the Sulfuric acid electrolyte. Nitric acid has the advantage (over other lead-Solubilizing Salts, Such as the percholate species) of, after use, gradually decomposing to harmless byproducts during the formation. Rinsing is not required. The amount of nitric acid that is added to the cell initially can be metered Such that enough (and typically only enough) nitrate is present to form porous layers on both electrodes of the desired depth. When the nitrate concentra tion drops low enough, then further development of the porous lead dioxide region is inhibited.
The electrode forming process of the present invention minimizes production cost, both in terms of electrical power consumption and time. Capital outlay is not high. The production time is approximately eighteen hours less than is required to make the pasted electrodes. Less than 2 kW hr of electricity will be required to form the electrodes for a single (12 V) module. The manufacturing footprint required for the present formation proceSS is believed not significantly larger than the present pasted electrode processes. Accordingly, practice of the present invention will result in a robust, high power density battery which is manufacturable at low cost.
Silver oxide and zinc thin sheet electrodes with high and low Surface irregularities are also of value in Silver/zinc batteries. Silver/zinc batteries are commonly used by the U.S. Navy and other defense agencies, for energy Storage where high energy density and power density are important, and cost is not a factor. Silver/zinc batteries can be built dry, and activated (i.e. filled with electrolyte) immediately prior to use. Sub-Second fill times are Sometimes important. This is often difficult with pasted silver oxide electrodes, due to the long diffusion path of the electrolyte into the interior of the thick, porous electrodes. With thin, corrugated Silver oxide and Zinc sheet electrodes, rapid filling is readily accomplished. Electrolyte is introduced at one end of the thin sheet electrodes, and it then courses very rapidly along the grooves of the corrugations in the thin sheet electrode. Furthermore, the grooves or low Surface regions can func tion as mini-reservoirs for retention of immediately acces sible electrolyte.
The Silver-zinc batteries, as with the lead-acid batteries, can be either Spirally-wound or bipolar. Each arrangement has advantages. The Zinc is Substituted for the lead-acid negative material (porous lead), and the Silver oxide is submitted for the positive material (lead dioxide). The arrangement is otherwise essentially the same. Different Separator materials are usually used (principally woven polypropylene or cellulose), although a fiberglass separator can be used for primary (non-rechargeable) batteries, used primarily by the military.
The process overtones of the invention differs from the traditional Planté process, due in large part, to implementa tion with the microthin sheet technology described above, to use of nitric acid with thin sheet electrodes and to reduction in cost and power requirements. The known Planté manu facturing process is limited to thick electrodes, which have unduly limited capabilities. The known Planté process is considered costly relative to pasted electrodes production, particularly in terms of power and manpower requirements. In the known process, electrodes are made by placing thick flat lead Sheets in forming tank containing Sulfuric acid and, most commonly, potassium perchlorate. The electrodes are electrochemically oxidized for 24 to 36 hours, resulting in a porous lead dioxide film on the surface of the lead. The current may be reversed, to reduce the lead dioxide to porous lead metal. Two electrodes are not simultaneously formed. The potassium perchlorate must be laboriously and repeat edly flushed or rinsed from the electrode pores and dried. The Solution tank is then charged with Sulfuric acid, without potassium perchlorate, for 24 to 72 hours prior to use. The time-intensive removal of potassium perchlorate prior to placing electrodes in the final cell is essential, So that the perchlorate does not continue to corrode the underlying electrode Support material. The perchlorate ion is difficult to destroy electrochemically (its decomposition potential is around 4 V relative to lead metal).
In contrast to the known Planté process, the present invention comprises a process including Several key improvements to provide a vastly Superior product, to mini mize cost and time, and to improve reliability. Use of nitric acid and elimination of potassium perchlorate as the lead Solubilizing agent in the formation of microthin electrodes. Nitric acid has been found to be significantly effective in forming the porous active material region of thin sheet electrodes. Removal from the electrode pores of spent nitric acid is not necessary, as the ion thereof gradually decom poses into a harmless form. More specifically, residual nitrate ions are entirely decomposed after the first few hours of the initial charging of the battery.
Shortening of the formation proceSS is significant. It has been found that only 3 hours of formation is needed to develop the desired Structure on the thin sheet electrodes. Use of nitric acid as the forming agent shortens the time needed to reduce the thin sheet electrodes (to form porous elemental lead metal) after initial formation of lead dioxide. The time reduction is from 24-36 hours to 3 hours (due to eliminating the need for flushing perchlorate from the pores of the electrodes). The reduction Step is done in the present proceSS not to remove the forming agent, but to prepare the positive thin sheet electrodes. For spirally-wound thin sheet electrodes, the electrodes are more durable in the lead State than in the oxidized State.
Conservation of both Space and power using a continuous or Semi-continuous production approach is a further benefit. For example, after initial formation, the resulting electrodes are preferably used in tandem or as counter electrodes for joint formation of thin sheet positive and negative elec trodes. This reduces power and time requirements dramati cally.
The result is a formation proceSS which is approximately 6-7 hours long, and which is adaptable to automation. The electrical current requirements of the thin Sheet electrode forming cost are approximately 6 Ahr per Ahr of final (six cell) battery capacity. The electrical energy cost of formation, per Six-cell, 15 Ahr battery is conservatively leSS than 2 kWhr, For comparison, this energy cost is signifi cantly leSS than the energy required to do final charging and conditioning of the existing pasted electrode batteries, after assembly but prior to shipping. FIG. 3 is a flow sheet comparison between one version of a spiral battery process of the invention and the prior-art pasted electrode process for making batteries. Both pro ceSSes begin by preparation of materials and components. In the case of the present process, the Starting material is lead foil of Suitable purity, and Substantially uniform thickness. The foil is then passed through automated rollers to mechanically form corrugations, i.e. an array of grooves and ridges.
For pasted electrodes, the important Starting materials are the lead grid and constituents of the paste. The lead grid is made by punching holes in a lead plate of Suitable purity. Commercially available lead oxides, of acceptable purity and in paste form, are obtained from a Suitable vendor. The purity Standards make the costs of Such pastes very high.
The processes of preparing electrodes differ, as shown in In contrast, pasted electrodes require approximately 24 hours to prepare. The paste is mixed, and then applied to the grid, with a pasting paper being placed on both sides of each electrode. The cell element is then wound and placed in a Suitable container, Such as a monoblock container.
For the pasted electrode process, the curing of the electrodes, which is Subsequent to placing the cell elements in the container, is the most energy and time-intensive
Step. An unsealed monoblock is placed in a high temperature oven, with controlled humidity, for approximately 24 hours. During this time, water is removed, and chemical reactions occur in the electrodes which prepare them to accept a charge later in the fabrication process.
After winding and curing, the processes will be essen tially the same. The thin sheet electrodes of the invention can be final charged in 24-48 hours, as compared to 72 hours for pasted electrodes.
In Summary, the energy required for production of the two different batteries is comparable. The time required for making batteries using the present process is approximately 18 hours less than the present pasted electrode processes.
EXAMPLE
The following examples demonstrate the production of bipolar electrodes and Spirally-wound electrodes for lead acid batteries. The resulting battery in each case is particu larly suitable for use in HEVs. Joint studies by the HEV program by Department of Energy and various automotive manufacturers have demonstrated that, while the existing battery designs approach most requirements for HEVs, there is still a Serious difficulty in meeting the requirements for peak discharge power and regeneration power. The power 6,063.525 13 limitations are even more pronounced when considered for use in parallel-configured hybrid vehicles of FIG. 2 . These vehicles require a battery pack which is Smaller in size, and yet can be both discharged and recharged at rates compa rable to those specified for the series-configured hybrid of This example demonstrates the manufacture and perfor mance of bipolar electrodes made in accordance with the present invention. For comparison purposes, a conventional bipolar electrode is illustrated in FIG. 5 . The bipolar elec trodes of the invention can be discharged and recharged at very high rates. The electrode configuration has been devel oped to assure that electrode active material (lead dioxide or porous lead) is highly accessible both ionically and elec tronically. Prototype electrodes were made by cutting large numbers of small parallel grooves and ridges or forming other high and low Surface regions in thin lead sheets, and then electroforming the irregular regions of the thin lead sheets using the process described above, to create a Sur prisingly large and uniform amount of active material. See  FIG. 6 . The metal Solubilizing agent comprises Sulfuric and nitric acids. The resulting bipolar electrodes were then used to assemble a battery in using conventional techniques aside from the electrodes.
Prototype bipolar batteries using the present microthin sheet technology were assembled and tested. These proto type batteries not only exceeded existing Standards for electric Vehicle discharge power, but met the regeneration power requirements as well.
With reference to FIG. 6, bipolar plate 40 is shown, which plate merges with a core 42 of unreacted lead.
The unreacted lead core 42 is a thin sheet comprising a Substantially concealed base 44 contiguous with one Surface of the bipolar plate 40. Core 42 also comprises concealed rectangularly shaped ridges or ribS 46. Core 42 is essentially a backbone Supporting the active regions of the thin elec trode. The porous active regions 48 collectively are undu lating and comprise a porous layer over the ribs or ridges 46 and the grooves between the ribs or ridges 46. The porous active regions 48 cover the entire Surface of the core corrugations and are uniformly corroded.
While the corrugation may comprise ridges and grooves which are rectangular in croSS Sections, other cross-sectional shapes can be used. Cross-hatched patterns, Stamped into the metal, can be used. Repeating and non-repeating Surface irregularities may be used.
Example II-Spirally-Wound Battery This example demonstrates the manufacturing viability and performance characteristics of a spirally-wound battery Electrodes were made by taking Strips of corrugated lead sheet and electroforming the corrugated lead using a process embodying the principles of the invention. See FIG. 11 . The electrodes were then Sandwiched with Strips of Separator material, and the combination spirally wound into a cylin drical shape. See FIG. 12 . After placing the roll into a cylindrical container (FIG. 13) and making appropriate electrical connection, electrolyte was placed in the cell and the cell was Sealed.
The lead sheets were given high and low Surface irregul larities. Lead foil may be passed through rollers with Small parallel ridges in their Surfaces to create corrugations by forming grooves in the lead foil. Alternately, the lead foil may be stamped with a die defining the desired Surface irregularities, or engraved, or Scratched or Scored to create low and high regions.
For this example, thin lead sheets were Scored by Scratch ing using emery paper to create Small irregular grooves and ridges. This leSS preferred procedure was expected to pro duce the cells having a lower capacity than thin Sheets carefully die pressed, grooved, or engraved. Lead foils of Electrolyte at ambient temperature was injected into the cell with a syringe. The cell was charged for 24 to 36 hours.
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The containers were monoblock cases obtained from Optima Batteries, Inc., and of a size used for Optima's HEV pro grams.
These prototype cells were tested and found to have had a capacity of 3 to 5 Ahr. This capacity is below the capacity for cells that are constructed from lead foil grooved with rollers, which have a capacity of 12 to 13 Ahr, but never theless proved the viability of the thin sheet technology. This value was obtained by using the measured value of Specific electrode capacity (35 C/cm), for non-spiral electrodes using the desired roller grooved Structure, multiplying by the electrode area, and correcting for the under-used portions of the thin sheet electrodes (i.e. the outer and inner wraps).
Reference is now made to FIGS. 8 and 10 through 13, which are Schematic diagrams illustrating the StepS by which spirally wound batteries of the invention are made . FIG. 8 illustrates an untreated thin corrugated sheet 50 from which a thin sheet electrode according to the present invention is formed. An electrochemically-treated electrode 52 is shown in FIG. 10 which comprises an untreated metal Support back bone comprised of a base 54 and spaced ridges or ribs 56. Groove width prior to electroforming, was within the range of 2-20 mils. It should be noted that during electroforming, the groove width decreases due to creation and expansion of porous active material on the walls of the ridges (i.e. the top and Side of the ridges). The grooves often will close entirely with oxidized material. This configuration with grooves which are entirely filled is also of considerable value, as the useful active material thickness of the electrode can be much greater than conventional Planté electrodes.
Cutting low regions in the Surface of lead, which are later filled due to oxidation of the lead ridges, results in a higher porosity at the back of the active material region. This happens because the active material has Somewhere to go as it forms. In other words, the Volume constraints are leSS Severe when low regions are formed in the lead, So that higher porosity can develop deep and uniformly porous active material regions. In addition to the improved microporosity, the uncorroded lead at the center of the lead ridges acts as a path for electronic current flow during electrode operation. Thus, resistance to electronic current is reduced in Such electrodes, relative to active material regions which do not contain these thin ridges of lead. This improved current collection is important. A major limitation of existing lead acid batteries, used in HEVs, is Solid-phase Voltage drop which occurs in the positive electrodes during high current use. In FIG. 11 , one positive electrochemically-formed thin sheet electrode 60 and one negative electrochemically formed thin sheet electrode 62, are aligned together with two separator sheets 64 and 66 (FIG. 11) and tightly spirally wound into a coil 68 (FIG. 12) . As wound, the coil comprises, Seriatim, the positive electrode 60, the Separator sheet 64, the negative electrode 62, and Separator Sheet 66. The coil 68 is then placed into a suitable cylindrical con tainer 69 (FIG. 13) . Electrical connections and posts and terminals are added, as is a Suitable electrolyte as explained 
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A discharge from the 1 to 2 Ahr cell was Sustained for Seconds at cell potentials greater than 1.9 V. The recharge capabilities were also good. At approximately 50% state of charge, a 70 A recharge was done for 15 Seconds, during which the potential reached a maximum of 2.5 V. After 10 seconds, the potential was 2.475 V.
Thus, a battery pack containing 172 cells (344 to 370 V nominal voltage) would provide a pack Voltage of 426 V.
The regenerative power imperative for a HEV is that the battery pack must be able to absorb approximately 0.25 Ahr in ten seconds, at a total voltage of less than 430 V. This prototype cell nearly achieved this value, absorbing 0.194 Ahr during this time, despite having a total capacity of leSS than 2 Ahr. A full recharge can be accomplished in less than a minute, if necessary. A healthy cell, Such as one with a roller-grooved thin sheet electrode, that is Sealed, that is in a non-deteriorated condition, and that has been Subjected to good cell conditioning, will meet or exceed various HEV imperatives. The Stack impedance for these cells was Sig nificantly less than that of existing batteries.
The present technology provides the improvements over the prior art, including but not necessarily limited to:
1. Higher Discharge Power Sufficient to Surpass program imperatives for peak discharge power and energy effi ciency; 2. Higher Recharge Power Sufficient to meet imperatives for either the parallel or Series-configured hybrid While this invention has been described with reference to certain Specific embodiments and examples, it will be rec ognized by those skilled in the art that many variations are possible without departing from the Scope and Spirit of this invention, and that the invention, as described by the claims, is intended to cover all changes and modifications of the invention which do not depart from the spirit of the inven tion.
What is claimed and desired to be secured by Letters Patent is:
1. A spirally configurated high capacity battery cell com prising a positive spiral electrode of one piece construction, a spiral negative electrode and a separator interposed between the positive electrode and the negative electrode, the positive electrode comprising a single piece of microthin metal sheet having a thickness within the range of 4-62 mils comprised of integral microcorrugations, the thin sheet of metal defining at least one integral region comprising high microporosity.
2. A battery cell according to claim 1 wherein the Single piece of microthin metal sheet comprises lead, at least one exposed side region of which is electrochemically corroded.
3. A battery according to claim 2 wherein the corrosion first comprises a metal oxide and thereafter porous elemental metal. 5. A battery cell according to claim 1 wherein the Single piece of microthin metal sheet consists of Silver, at least one exposed integral Side region of which is electrochemically oxidized silver.
6. A battery cell according to claim 1 wherein the micro corrugations comprise Spaced grooves and further compris ing a material, Selected from the group consisting of electrolyte, gas, Separator material or a combination thereof, placed and Stored in the grooves contiguous with the microthin metal sheet.
7. A battery cell according to claim 1 wherein the micro corrugations comprise Spaced ridges and Valleys formed by forming grooves into the Single piece of microthin sheet.
8. A battery cell according to claim 1 wherein the micro corrugations comprise Spaced ridges of Said Single piece, each ridge comprising an integral corroded ridge top portion and integral corroded opposed ridge edges portions.
9. A battery cell according to claim 8 wherein the cor roded top ridge and ridge edges of the Single piece comprise integral porous lead, which ridge top and ridge edges Surround a thin non-porous integral interior conductive Support region.
10. A battery cell according to claim 1 wherein the microporosity is stable and between 5 and 95%.
11. Abattery cell according to claim 1 wherein the battery cell comprises a lead acid battery cell.
12. Abattery cell according to claim 1 wherein the battery cell comprises a bipolar battery cell.
13. A spirally configurated high capacity Silver Zinc battery cell comprising a positive spiral electrode layer and a separator layer interposed between the positive electrode layer and a negative electrode layer, the positive electrode layer comprising a thin metal Sheet comprised of microcorrugations, the thin Sheet of metal defining at least one Surface region comprising high microporosity.
14. Abattery cell according to claim 1 wherein the battery cell comprises an alkaline battery cell.
15. A battery according to claim 1 wherein at least one exposed integral region of the one piece microthin metal sheet comprises a metal oxide.
16. Abattery cell according to claim 15 wherein the metal oxide is formed using nitric acid in the presence of Sulfuric acid.
17. A battery cell according to claim 1 wherein each electrode comprises a Single piece of thin metal foil, each having a thickness within the range of 4-62 mils.
18. Abattery cell according to claim 1 further comprising a cylindrical housing Surrounding the Spirally configurated wound battery cell comprising electrodes and a separator layer between the one piece electrodes. 20. A battery cell according to claim 1 wherein the microcorrugations comprise Sequentially arranged concave and convex grooves and ridges, each groove being generally trough-shaped in configuration.
21. A battery cell according to claim 1 wherein the electrode layers and Separator layers are spirally wound together.
22. A battery cell according to claim 1 wherein the one piece microthin electrode is cast.
23. A battery cell according to claim 1 wherein the one piece microthin electrode is formed in situ.
24. A battery cell according to claim 1 wherein the microcorrugations are generally channel-shaped in configu ration.
25. In a battery, two spirally-configurated electrodes, at least one electrode comprising a microthin metal foil having a thickness within the range of 4-62 mils comprised of microcorrugations comprising alternate microgrooves and microridges exposed microregions of which being electro chemically corroded to provide enhanced exposed porosity.
26. In a battery, a spirally-wound microthin metal foil electrode according to claim 25 wherein the microcorruga tions comprise top microridges which are corroded and which Surround and conceal micro-sized non-corroded Sup portive and conductive material.
27. In a battery, a spirally-wound electrode of microthin metal foil according to claim 25 wherein each microgroove has a size Sufficient to Serve as a microreservoir for elec trolyte.
28. In a battery, a spirally-wound electrode of microthin metal foil according to claim 25 wherein the metal is Selected from the group consisting of lead, Silver, Zinc, and nickel.
29. In a battery, a spirally-wound electrode of microthin metal foil according to claim 25 wherein the size of the ridges are within the range of 2-20 mils wide and 2-20 mils high and the size of the grooves are within the range of 2-20 mils wide and 2-20 mils deep.
30. In a battery, a spirally-wound electrode of microthin metal foil according to claim 25 wherein the depth of the corrosion is within the range of 0.01-30 mils.
31. In a battery, a spirally-wound electrode of microthin metal foil according to claim 25 wherein the porosity is within the range of 5-95%.
32. In a battery, a spirally-wound electrode of microthin metal foil according to claim 25 further comprising a bipolar conductive Support in contact with the microthin metal foil electrode.
